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Abstract 
In this study, performance of steel lined tulip shaped charges is investigated numerically and experimentally. Certain statistical methods 
such as Design of Experiment and Neural Network method are implemented in order to decrease the time required for the investigation of 
various parameters affecting the output of different shaped charge liners. Numerical simulations of jet formation and penetration of steel 
targets are performed and they are compared with the experiments including images of shaped charge jets taken by Flash X Ray systems. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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Nomenclature 
DOE Design of Experiment 
CD Case Diameter 
FXR Flash X Ray 
 
1. Introduction 
In the previous study[1], the Johnson Cook strength model parameters of steel that are to be used in AUTODYN 
simulations were obtained by means of Taylor impact tests. In this study, jet formation of steel tulip shaped charges as well 
as penetration performance against steel targets are investigated numerically and experimentally. For the selection of design 
points, certain statistical methods are implemented in the study such as design of experiment and neural network method. 
These techniques are used where there are many parameters affecting the results and it is too expensive and time consuming 
to investigate each parameter by high number of numerical simulations. Design of experiment gives a set of design points 
and once they are computed numerically, they may supply sufficient information about the parameters affecting and 
dominating on the system. Moreover, neural network method may create a mathematical relationship between outputs and 
inputs that would represent the numerical simulations. In other words, it may be possible to acquire outputs with the given 
inputs without a numerical computation by the Neural Network Model. Shaped charge jet formation is investigated focusing 
on maximum velocity and kinetic energy as well as the particulation behavior of the jets. Although some claim that all 
physical systems may be modeled with a metamodel, application of such a statistical method to shaped charge design is to 
be investigated. 
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2. Numerical Simulations of Jet Formation and Penetration 
The sample model used in the computational simulations is given in Fig. 1 where the parameters defining the shaped 
charge geometry are shown. Eight variables are selected to be the most important parameters for a shaped charge. The CD is 
the case diameter of the shaped charge and is taken as the reference length in defining all the other parameters. It is kept 
constant in this study. The length L is the total length of the shaped charge and it is fixed as 1.5 CD. The casing behind the 
charge (t2) is only for covering the explosive and is thought to have negligible effect on the formation of the jet [2]. It is 
also kept constant as 6.25% of the CD. The other five parameters form the design variables which are investigated 
thoroughly in this study. 
 
 
Fig. 1 A Sample model revealing the parameters studied 
The names of those parameters as well as the ranges defined for the simulations are supplied in Table 1. 
Table 1 Variables and Corresponding Ranges 
Variable Name Min Value Max Value 
r Radius of Curvature of the Liner 0.30 CD 1.5 CD 
t1 Thickness of the Liner  0.02 CD 0.08 CD 
t2 Thickness of the Casing 0.025 CD 0.125 CD 
P1 Height of the Liner 0 CD 0.125 CD 
P2 Head Height of the Explosive 0.45 CD 1.25 CD 
 
Metamodeling is simply fitting an analytical expression to the relation between the inputs and outputs of the problem by 
using a number of design points. By this means, points close to the data available can be estimated without simulating new 
alternative with a reasonable amount of error. 
Metamodels created for the jet formation outputs (jet tip velocity kinetic energy and jet length at particulation instant) are 
used to obtain design points selected by maximizing all the output parameters. However, they may also be used for different 
objectives such as minimizing one of them and/or maximizing the others etc. In other words, once the relations of the 
parameters are defined by a metamodel, it is likely to pursue different designs which have different characteristics. 
The design points suggested by the design of experiment are computed numerically by using ANSYS AUTODYN v13 
and using these results Neural Network Models are formed for each parameter. Then, random points are selected from the 
design space and the validation of the network model is carried out (Fig. 4). Once the model is finalized, optimum 
geometries are selected using the network model. The fact that neural model includes only a mathematical equation, the 
computation time is very short compared to the time consuming stages of modeling, meshing, computing and post-
processing of the numerical simulations. 
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Fig. 2 Initial meshing. 
 
Fig. 3 Idea of neural network model [3]. 
 
 
Fig. 4 Verification of neural network model for jet tip velocity. 
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Same verifications were performed for kinetic energy and jet length parameters and the neural network models are 
finalized. After that, 2 maximum points are acquired for each parameter from the models. Then, they are simulated using 
AUTODYN and the following results are obtained.  
 
Table 2 Comparison of Metamodel Outputs for Jet Formation 
 
 METAMODEL AUTODYN 
No 
Jet Tip 
Velocity 
(m/s) 
Kinetic 
Energy 
(kJ) 
Jet 
Length 
(CD) 
Jet Tip 
Velocity 
(m/s) 
Kinetic 
Energy 
(kJ) 
Jet 
Length 
(CD) 
1 6455. 409 2.61 6438 404 2.51 
2 5289 378 3.45 5318 387 3.55 
3 7256 397 2.33 7198 394 2.46 
4 4654 344 2.95 4624 342 3.00 
5 4801 344 3.15 4770 342 3.21 
6 5708 398 3.28 5890 409 3.39 
 
When Table 2 is investigated, it is seen that the outputs of the metamodel differs slightly from the AUTODYN results. 
Therefore, iterations are stopped at this step and the obtained metamodels are set as the final fits for the parameters of jet tip 
velocity, kinetic energy and jet length. Note that the difference may be reduced by further iterations if necessary. 
The same procedure is followed for determination of the penetration characteristics of particulated jets. In penetration 
analyses two distinct parameters are investigated which are volume of the hole and penetration depth (Fig. 5). The results of 
the neural network models are given in Table 3. 
 
 
 
 
Fig. 5 Axisymmetric view of the target volume 
 
Table 3 Comparison of Metamodel Outputs for Penetration 
 
 METAMODEL AUTODYN 
No Penetration Depth (CD) [mm] 
Area of the Hole (CD) 
[mm2] 
Penetration Depth 
(CD) [mm] 
Area of the Hole 
(CD) [mm2] 
1 2.54 28.92 2.64 29.12 
2 3.10 25.73 3.23 26.22 
3 3.01 26.28 3.10 25.64 
4 2.68 29.23 2.63 28.75 
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Similar to the neural network models of jet formation, numerical obtainings fit well with the outputs of the proposed neural 
network models.  
3. Jet Formation and Penetration Tests 
In order to validate the numerical findings, FXR and penetration tests are performed. From FXR tests, velocities of the 
particles and particulation behavior of the jet were obtained. Two successful FXR experiments are performed in the study. 
Three images in Test 1 and two different images in Test 2 and two different images of the shaped charges are captured. As a 
result, there are two films with images of the shaped charge jets taken at 5 different times after the detonation of the 
explosive. (Error! Reference source not found.) 
The lengths of the each particle and its displacement during the time duration between two recordings are measured from 
the x ray films. However, the particles are assumed to be as one dimensional and their thicknesses are ignored. 
As can be seen from Fig. , experimental findings are in parallel with the numerical computations. Velocities of the 
particles are very close to each other whereas, there observed a minor deviation from the experiment as far as the jet lengths 
is concerned. The image times of the FXR system directly affect the calculations and even 1 or 2 microsecond difference 
alters the jet tip velocities and jet lengths. Moreover, the particles are assumed to be as one-dimensional in the calculations 
whereas they have finite volumes. These are supposed to be the main two reasons for the deviations of the experimental and 
numerical results. Concerning particulation behavior, the comparison of particulation for FXR and AUTODYN simulation 
is given in Fig. 8. As one may observe, the number of particles and their sizes are very close to each other. 
Penetration simulations (Fig. 9) and tests are performed using the same setup as the jet formation tests by locating targets 
in front of the jet which is photographed by the FXR system. Due to the need for space required by the FXR and for the jet 
to elongate, low standoffs cannot be obtained. Therefore, penetration performances of the shaped charge jet are investigated 
for very high standoff distances. The targets are placed 20, 25 and 30 CD standoff distances away from the head of the 
shaped charge. The setup is given in Fig. 10. 
 
Direction of the Jet Flight           
 
 
 
 
Fig. 6. FXR images of the jets. 
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Fig. 7 Comparison of the FXR results with numerical simulations. 
 
 
 
Fig. 8 Particulation behaviour of the jet belonging to FXR and AUTODYN simulation respectively. 
 
 
 
 
Fig. 9. A Sample penetration simulation. 
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Fig. 10.  Penetration test setup 
 
 
In Fig. 11, a schematic view of the test setup is supplied with the standoff values measured before the experiments (Table 
4). 
 
 
Fig. 11. Schematic view of the test setup 
 
In Table 4, standoff distances and armor thicknesses for each test are given as well as the availability of FXR shadowgraphs. 
 
Table 4 Distances Measured During the Tests 
 
Test # Standoff (CD) Armor Thickness (CD) FXR 
1 20 1.5  
2 25 1.5  
3 30 1.5  
 
 
The comparisons of the outputs of numerical and experimental investigations are performed by evaluating the crater in 
the targets. In Fig. 12, Fig.  and Fig. , comparisons of the hole profiles which are obtained from AUTODYN simulations and 
experiments are supplied. 
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Fig. 12. Comparison for the 1st shaped charge test. 
 
 
 
Fig. 13. Comparison for the 2nd shaped charge test. 
 
 
Fig. 14. Comparison for the 3rd shaped charge test. 
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As can be observed from the above figures, experimental investigation and AUTODYN simulations yield similar hole 
profiles. For the first test (25 CD), AUTODYN predicts that the shaped charge perforates 1.5 CD thick steel armor, whereas 
approximately 1.3 CD penetration depth is obtained in the experiment. Similarly, for the second test which has a standoff of 
30 CD, AUTODYN predicts more penetration compared to the experiment as far as the penetration depth is concerned. 
Finally, for the third test (20 CD), penetration is enhanced and shaped charge jet perforated the steel target in both numerical 
and experimental analyses. 
4. Summary 
Implementation of statistical methods such as DOE and Neural Network method to shaped charge design reduced the 
number of simulations to be performed with a small amount of error. The numerical simulations are limited to 69, which is 
very efficient and quick considering the total number of alternatives of 3125 (25) for 5 inputs. 
The validation of the overall study is carried out by Flash X ray and penetration tests. When jet images acquired by FXR 
and the crater formed after the penetration of the jet into the armor are compared to the numerical computations, it is 
observed that they are assumed to match with each other disregarding the minor deviations that stem from manufacturing 
and experimental errors. 
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